ABSTRACT: The brittle star Ophiothrix fragilis (Abilgaard, 1789) constitutes a heterogeneous morphological group that can be subdivided into 4 varieties. The species is also characterized by high demographic variability. The present study explores the possibility of genetic patchiness arising due to admixture of varieties or recruitment heterogeneity. We sequenced a portion of the mitochondrial cytochrome oxidase subunit I (mtCOI) gene and genotyped 7 allozymes from 21 populations of the 2 most common varieties. While mtCOI analyses showed that all the varieties grouped together with virtually no divergence among them (<1%), a clear divergence (18.6%) was evident between the northern Atlantic populations and individuals collected in the Mediterranean and along the Galician coast. Conversely, canonical analysis indicated that classification by variety explained a substantial part of the allozyme variance. Within O. f. pentaphyllum, no clear pattern of geographic structure was observed around the British Isles, with neighbouring populations often showing more genetic differentiation with one another than with distant populations. This either reflects admixture of cryptic lineages/species, diversifying selection due to contrasting habitats, or spatial and/or temporal admixture of genetically differentiated cohorts produced from isolated populations. The latter hypothesis is reinforced by the fact that significant haplotype frequency differences were recorded between larvae, juveniles and adults within the same locality. Providing that time-isolated clades co-occur within populations, the variation in the number and intensity of recruitment events must impact local genetic structure extensively and induce chaotic genetic patchiness at a large spatial scale.
INTRODUCTION
Connectivity between local populations of benthopelagic species is primarily ensured by the larval stage. Considering dispersal, 2 notions are frequently confounded (Kinlan et al. 2005) : the maximal dispersal a larva can achieve (rare events but with a consequent impact on range expansion and the colonisation of new areas) is often confused with the effective larval dispersal (frequent events that play a crucial role in population demography). Comparative studies of closely related species with contrasting larval lifespans show that the genetic structure of a given species is not necessarily correlated to its dispersal ability. While population connectivity often conforms to what can be expected based on larval lifespan (McMillan et al. 1992 , Arndt & Smith 1998 , Kyle & Boulding 2000 , the opposite situation is also encountered. Certain species with a long planktonic phase have a more pronounced genetic structure than species with direct development (Todd et al. 1998 , Marko 2004 , Bowen et al. 2006 . Effective dispersal ability is affected by external factors such as habitat fragmentation (Gaines & Bertness 1992) , larval mortality (Rumrill 1990) , and/or local marine currents (Cowen et al. 2000 , Ellien et al. 2000 , Sponaugle et al. 2002 .
When dispersal is limited, self-recruitment plays a major role in population replenishment; in this case, genetic differentiation is primarily associated with genetic drift and depends on the effective size of each local population. The expected isolation-by-distance pattern can be masked either by large variations in population size or by chaotic arrivals of larval pools from different origins (if settlers do not crossbreed among cohorts). Alternation of self-and allo-recruitment phases has therefore been proposed to explain microgeographical genetic heterogeneities in large 'panmictic' populations (Johnson & Black 1982) . This pattern, called 'chaotic genetic patchiness' (Johnson & Black 1982) , has often been viewed as the result of slightly differentiated settler cohorts entering the population (Hedgecock 1994 , Moberg & Burton 2000 , Hellberg et al. 2002 . Alternative explanations to 'chaotic' genetic patchiness include diversifying selection arising from microhabitat heterogeneity (Chevillon et al. 1998 , Eckert 2007 or cryptic species admixture (Knowlton 1993) .
The gregarious brittle star Ophiothrix fragilis (Abilgaard, 1789) is widely distributed in the NE Atlantic Ocean and Mediterranean Sea (Koehler 1921) . The genus Ophiothrix, however, shows a very high level of inter-and intraspecific variation in morphology (Koehler 1921) , which has led to many taxonomic debates over the last century (Koehler 1921 , Guille 1964 . More recently, on the basis of 16S rDNA sequences, Baric & Sturmbauer (1999) identified 2 distinct mitochondrial lineages within each of the 2 welldiagnosed species O. fragilis and O. quinquemaculata, but virtually no genetic differences between the 2 species within either the Mediterranean or the Atlantic. They suggested that each lineage represents a true biological species, both of which consist of 2 morpho/ ecotypes. Morphological differences could be indeed explained by phenotypic plasticity associated with the strength of marine currents rather than with diagnostic genetic characters: O. fragilis prefers hard substrates and strong current exposure whereas O. quinquemaculata is mainly found on soft substrates with moderate current exposure (Baric & Sturmbauer 1999) . Although O. fragilis individuals from the NE Atlantic belong to the same species, they do not constitute a homogeneous morphological group. Instead, they are subdivided into 4 morphological varieties described by Koehler (1921) according to their colouration and the length of their arms, both characteristics allegedly linked to ecological factors (Allain 1974) .
The species has a high fecundity (Lefebvre 1999) , and larval lifespan is estimated to be between 21 (Morgan & Jangoux 2002) and 26 d (McBride 1907) . This moderately long larval stage, coupled with the strong easterly residual currents in the English Channel (Salomon 1990) , may ensure connectivity between distant populations in this area. However, dispersal models suggest that a non-negligible amount of larval retention occurs at some locations in the English Channel, thereby favouring self-recruitment (Lefebvre et al. 2003) . Conversely, previous demographic surveys conducted in Dover Strait (Davoult et al. 1990 ) demonstrated the occurrence of distinct recruitment events. Recruitment heterogeneity raises an intriguing question on the origin of the settlers, especially since the English Channel represents a well-documented biogeographic transition zone between the Boreal and Lusitanian provinces (Cabioch 1968 , Briggs 1995 . Successive recruitment events during the year may either be the consequence of reproductive asynchrony (individuals are not mature at the same time) or the result of the arrival of settlers from allochthonous origins, which may lead to a possible Wahlund effect if they are reproductively isolated.
First, the taxonomic status of Ophiothrix fragilis varieties needs to be assessed. Most populations are monotypic, and varieties are rarely found in sympatry (Allain 1974) . If varieties represent separate taxonomic units, hybridizing taxa or locally adapted populations, the distribution of varieties would lead to genetic patchiness, possible linkage disequilibria and heterozygote deficiencies. The present study explores the genetic differences among varieties, and whether distinct mitochondrial lineages can be found within the southern and northern Atlantic populations. We then evaluate the effective level of genetic connectivity between populations in the NE Atlantic to address the following questions: Does the genetic structure conform to expectations based on larval lifespan, hydrodynamic modelling, and/or population dynamics? Is the genetic structure locally affected by recruitment heterogeneity? For these purposes, we sequenced a 542 bp fragment of the mitochondrial cytochrome oxidase I (mtCOI) gene and genotyped a total of 868 individuals at 7 polymorphic allozyme loci over the whole geographic range of the 2 most common varieties of O. fragilis (21 sites located at various depths from the south of Brittany to the North Sea). In addition, the population dynamics of 1 of these varieties was surveyed in parallel at 3 distinct well-known localities in the English Channel. Koehler (1921) and Allain (1974 (Brun 1969 , Broom 1975 , Davoult & Gounin 1995 , Ellis & Rogers 2000 . Consequently, O. f. pentaphyllum is the most studied variety of O. fragilis, in terms of its population dynamics (Davoult et al. 1990 ), larval development and dispersal (Lefebvre & Davoult 2000 , Lefebvre et al. 2003 ) and reproduction (Morgan & Jangoux 2002 . O. f. pentaphyllum is also the most easily distinguishable variety by the length of its arms (i.e. for a given disc size, arms are twice as long as those of other varieties) and by its bright, warm coloration (mainly yellow and pink, with red rings). Moreover, this variety has never been reported in the intertidal zone, while the 3 other varieties are encountered mainly in the intertidal zone and also in deeper waters, but always at a very low density (<10 ind. m -2 ; Nataf 1954). These 3 varieties are all morphologically similar, with short arms and dark, cold colours (mainly brownish and greenish). Of these 3 varieties, the most common one is O. f. echinata, typically present in the intertidal. The morphological and ecological characteristics of O. f. lusitanica and O. f. echinata are the same, except that the former has a pentagon-shaped disc and the latter has a round disc. Disc shape, however, is seemingly largely influenced by gonad development (authors' pers. obs.), and therefore cannot be used as a criterion for differentiating these 2 varieties. Nevertheless, since individuals with pentagonal discs were never observed in our samples, all individuals sampled in the intertidal zone were considered to be O. f. echinata. It is worth noting that the variety O. f. lusitanica is very rare (Allain 1974) . The last variety, O. f. abildgaardi, represents a geographic form restricted to the North Sea and Norwegian coasts.
MATERIALS AND METHODS

Identifying varieties according to
Population sampling. Sampling was done throughout the Atlantic range of the species from the intertidal down to the deep subtidal (100 m). However, Ophiothrix fragilis samples were mostly collected from subtidal brittle star beds. The remaining subtidal samples were comprised of scattered individuals living in maerl beds or on pebble substrata. Subtidal samples were obtained by dredging the hard sediment with a 'Rallier-du-Baty' dredge (Cabioch 1968 ) over 25 to 100 m transects. Populations from the Irish Sea were sampled in April/May 2004, those from southern Brittany in March, June and September 2005, and populations from the English Channel were sampled in 2004. Intertidal populations were sampled by collecting scattered individuals on the rocky shore at low tide in 2005. In addition to the 21 main populations, individuals from the western and eastern coasts of Spain, and from Norway and Sweden were kindly provided by marine laboratories at our request, and constituted 4 reference groups. The sampling locations are shown in Fig. 1 , and geographical coordinates of all samples are given in Table 1 . Population descriptors such as variety, bottom type and depth, as well as locality, are also given in Table 1 . After sampling, individuals were directly frozen in liquid nitrogen for later use in molecular analyses. Each individual was thereafter separated into 2 parts: the arms were kept for mitochondrial analyses, while the disc was used for allozyme starch-gel electrophoresis.
Another sampling scheme involved the collection of larvae at Roscoff (France) by trawling over the whole 67 m water column using a 200 µm dip net covering a surface of 1 m 2 , in August 2005 (the only date at which larvae were identified during a survey carried out between May and October 2005). The larval samples were composed of 2 to 8 arm pluteus larvae, meaning that all larvae collected were <10 d old (Morgan & Jangoux, 2005) . Since settlement occurs at about 3 wk of larval life, these larvae were not ready to settle just after the sampling date. But marine currents in this area favour retention of larvae (Lefebvre et al. 2003) . It Table 1 is therefore not possible to determine if and how these larvae would integrate the Roscoff adult population. For demographic analyses, sampling was carried out every 2 mo, and, as far as possible, in 2 consecutive years (from November 2003 to October 2005) at 3 contrasting localities in the English Channel: Roscoff, Paluel and Wimereux (Sites 13, 16 and 18, respectively, in Fig. 1) .
MtCOI direct sequencing. Total genomic DNA was extracted according to the CTAB extraction protocol as described by Jolly et al. (2003) . Species-specific primers for PCR (OF-COIf: 5'CCCATAATGATAGGAG GATT-3'; OF-COIr: 5'-TTGTASYGGCGGTGAAGW-3') were designed from conserved regions of the whole COI gene identified from 10 specimens of Ophiothrix fragilis using 'universal' primers developed for invertebrates (McMullin et al. 2003) . Reactions were performed in 27 µl containing 1× PCR buffer (supplied with polymerase enzyme), 2 mM MgCl 2 , 25 µM of each dNTP, 0.2 µM of each primer, 0.5 U of Thermoprime Plus Taq polymerase (Abgene) and 25 ng CTABextracted genomic DNA. Cycling parameters were 94°C for 5 min, followed by 40 cycles of 94°C for 45 s, 54°C for 60 s and 72°C for 70 s, and a final elongation at 72°C for 7 min. PCR products were purified before sequencing using BigDye terminator chemistry (Perkin Elmer) and sequenced on an ABI 3100 sequencer, following the manufacturer's protocol. Sequencing was carried out in both directions. Sequences were then checked and edited using Chromas Version 1.6 (McCarthy 1997) and aligned using ClustalW (Thompson et al. 1994) in the BioEdit Sequence Alignment Editor (Hall 1999) . GenBank accession numbers of the COI sequences of O. fragilis used in the present study ranged from EU582688 to EU583125.
Allozyme electrophoresis. Electrophoretic procedures were performed according to the methods of Pasteur et al. (1987) . The frozen body of each Ophiothrix fragilis was homogenised in 250 µl of grinding buffer (10 mM Tris-HCl, 2 mM EDTA, 0.05% β-mercaptoethanol, 0.1 mM PMSF, 0.25 mM sucrose; pH 6.8), prior to centrifugation at 15 000 rpm (17 000 ×g) for 12 min. The supernatant was stored at -80°C until electrophoresis. Horizontal enzyme electrophoresis was conducted on 12% starch gels for 7 allozyme systems using the following buffers: (1) tris-citrate, pH 8 for phosphoglucoisomerase (PGI, E.C. 5.3.1.9), phosphoglucomutase (PGM, E.C. 5.4.2.2), malate dehydrogenase (MDH, E.C. 1.1.1.37), malic enzyme (ME, E.C. 1.1.1.40) and (2) Loci were labelled according to their position from the anodal end of the gel, and the most frequent allele was called '100'. Other alleles were labelled according to their mobility relative to allele 100. Genetic data analyses. Genetic variation among mitochondrial sequences was estimated as follows: for each population, the haplotype (H d ) and nucleotide (π) diversities were examined using DNAsp 4.0 software (Rozas et al. 2003) . A neighbour-joining (NJ) tree of haplotypes, based on Kimura-2 parameter distance (Kimura 1980) , was constructed using Mega 2.1 software (Kumar et al. 2001) , with 1000 bootstrap replicates and the species Ophiocomina nigra as an outgroup (GenBank No. EU496814). Tajima's (1989) D statistic and Fu's (1997) F-statistics were calculated as an index of departure from population equilibrium using DNAsp 4.0 (Rozas et al. 2003) . Successive AMOVAs (analysis of molecular variance; Excoffier et al. 1992) were performed using Arlequin 2.0 (Schneider et al. 2001 ) to test 5 hypotheses on the various factors that may influence the genetic structure of O. fragilis (see Table 1 ): (1) between samples were estimated using Arlequin 2.0 (Schneider et al. 2001) ; critical significance levels for multiple testing were corrected using a procedure by Benjamini & Hochberg (1995) . Isolation-by-distance was tested with a Mantel test using Genepop 3.4 (Raymond & Rousset 1999), and significance was estimated using 1000 permutations. Geographic distances were estimated by calculating linear distances along the coastline between 2 points using Great Circle Calculator (available at www.gb3pi.org.uk/great.html). Pairwise φ st were also calculated between temporal subsamples, and unrooted NJ trees of haplotypes were constructed using individual pairwise distances obtained from these temporal samples.
A canonical discriminant analysis (CDA) was conducted using the R package Vegan-RDA (Oksanen et al. 2008) to identify significant correlations between explanatory variables (ecological characteristics specific to each population, i.e. varieties, geographic position, depth, habitat) and response variables (i.e. allozyme frequencies in populations). CDA was performed on population-level frequencies rather than individualbased genotypes, since no variety admixture (based on morphology) was found in any of the 21 main samples. Explanatory variables were re-coded as a set of binary variables. The level of significance of explanatory variables in structuring populations was tested using a forward-selection procedure on canonical residuals using Monte Carlo permutation tests (999 random permutations), retaining the variables with p × 0.05. This was computed from the 'forward.sel' function available in the R 'packfor' library (Dray 2004 ) developed for Canoco (Ter Braak & Smilauer 2002) . Vectors from nonsignificant explanatory variables were excluded from the 2 factorial-axes bi-plot graph.
Allele frequencies, genetic diversity per population and genetic differentiation between populations were estimated from allozymes following classic population estimators implemented in the Genepop 3.4 software (Raymond & Rousset 1999 ), such as observed (H o ) and expected (H e ) heterozygosities (Nei 1987) . In addition, allelic richness (R s , an estimation of the number of alleles independent of sample size, making it possible to compare samples with different numbers of individuals; in the present case, the shared minimal sample size was 16 individuals) was estimated with Fstat 2.9.3.2 (Goudet 1995) . The null hypothesis of independence between loci was tested from statistical genotypic disequilibrium analyses using Genepop 3.4. Deviations from Hardy-Weinberg equilibrium were examined for each population, at each locus, by calculating the Wright's fixation index F is as estimated by Weir & Cockerham's (1984) f, using the same software. Departure from Hardy-Weinberg equilibrium was then tested using exact tests. Overall levels of genetic differentiation were analysed by calculating the estimator θ of Wright's F st statistic (Weir & Cockerham 1984) for each locus, and the null hypothesis of identity of allelic distributions across populations was then tested using exact tests. Pairwise multilocus θ values were used to construct an UPGMA tree using Mega 2.1 software (Kumar et al. 2001) ; genetic distances were represented as a function θ/(1-θ), following the recommendations of Rousset & Raymond (1997) . Isolation-by-distance and molecular variance between geographic groups (F st -based AMOVA) were also estimated following methods previously described for analysis of mtCOI haplotypes.
Biometry and demographic analyses. The internal disc diameter (IDD) represents the best descriptor of individual growth in this species (Guille 1964) , and this measure was chosen to perform size-frequency histograms. IDD is defined as the distance between the distal extremities of a pair of radial shields and the middle of the line joining the base of the 2 pairs of diametrically opposed radial shields. IDD was measured under a binocular microscope with an eye micrometer at 12× magnification to the nearest 0.02 mm. About 200 brittle stars from each of the 3 sites (Roscoff, Paluel and Wimereux) were measured every 2 mo (see exact sample sizes in the 'Results'). Individuals were grouped into 1 mm size classes for the analysis to maximize the number of size classes. The Normsep program of Tomlinson (1970) adapted by Glémarec & Menesguen (1980) was used to identify modal components out of size-frequency histograms by fitting a set of normal rules to the observed distribution following the method of Bhattacharya (1967) . Modal components were then assigned to cohorts from their subsequent positions in temporal samples and used to parameterise demographic functioning. Demographic results are detailed in Muths et al. (in press ); only synthesized information helpful to understand the genetic pattern is presented.
RESULTS
Existence of 2 geographical lineages inconsistent with known varieties
Mitochondrial COI sequences A NJ tree based on haplotypes of Ophiothrix fragilis is presented in Fig. 2 . The topology of the tree indicates the occurrence of 2 highly divergent sets of mitochondrial sequences, the divergence of which was 18.6%. In comparison, divergence between Ophiothrix sp. and Ophiocomina nigra (the outgroup) was 33.6%. One set of sequences corresponded to the 6 individuals collected along the Mediterranean and Galician coasts (6 O. f. echinata individuals). The second set of sequences was quite homogeneous, with an average divergence of <1%. Detailed topology of this clade regrouping all individuals from the 23 northern populations is presented in Fig. 2b . The topology of the tree shows a near-to-root clade that does not show any trace of 'old' divergence separating groups of haplotypes within this northern clade. All the varieties were grouped together with virtually no divergence among them. The AMOVA analyses performed on populations partitioned into varieties (Table 2) showed that classification by variety had no significant influence on the total mitochondrial variance (φ ct = 0.000, p = 0.37). journals/suppl/b005p117_app.pdf) (Ophiothrix fragilis pentaphyllum and O. f. echinata, respectively). The canonical discriminant analysis (Fig. 3) indicated that, among explanatory variables, variety and depth were the only ones that remained significant after a forwardselection procedure (permutation test, p < 0.05). The 2 first factorial axes explained 18.57 and 13.58%, respectively, of the 41.34% genetic variance extracted from populations (response variables). Classification by variety explained a substantial part of the total genetic variance in O. fragilis. The multiloci pairwise θ estimate between the 2 varieties was 0.023 (p < 0.05); the monolocus θ estimates were all significant, with the highest value (0.122) for PK and the lowest value (0.005) for PGI. This genetic difference corresponded to a slight change in allele frequencies between varieties; O. f. pentaphyllum was characterized by a higher frequency of Pk90 (f = 0.260) and a lower frequency of Mdh110 (f = 0.076) when compared to O. f. echinata (f = 0.096 and f = 0.113, for Pk90 and Mdh110, respectively). The MDH locus showed a similar, but less pronounced, trend. The AMOVA analyses performed on populations partitioned into varieties (Table 2) showed that a non-negligible part of the total allozyme variance was significantly associated with classification by variety (φ ct = 0.001, p = 0.002). This reinforces previous observations made with the CDA analysis (Fig. 3) , suggesting an association between some alleles and variety type that was not gleaned from the distribution of COI haplotypes. However, genetic variance could not be attributed to either of the environmental factors tested, i.e. depth or the nature of substratum (Table 2) . Geographic proximity showed no significant influence, as most of the genetic variation was explained by intrapopulation heterogeneity (φ st = 0.044, p < 0.001) and not by differentiation among geographic groups (φ ct = 0.000, p > 0.05). 
Global genetic diversities within lineages
The 2 most southern (Mediterranean Sea and Galician coast) and the 2 most northern (Norway and Sweden) populations of Ophiothrix fragilis were excluded from the following population genetics analyses due to the deep divergence and/or the small sample size.
Mitochondrial COI sequences
From the remaining dataset, 198 polymorphic sites were detected, corresponding to 289 distinct haplotypes. Of the polymorphic sites, 77.9% were parsimoniously informative and 22.1% were singletons. All populations showed a similarly high level of genetic diversity (Table 3 ). Mean haplotype diversity (H d ) and mean nucleotide diversity (π) were of the same order of magnitude among populations, approximately 0.99 and 0.01, respectively. The percentage of 'private' haplotypes was very high, with an average value of 67% that varied from 40 to 89% between samples and to a much lesser extent between geographic regions. Tajima's D-and Fu's F-values were globally negative and significant (D = -2.47, p < 0.001 and F = -4.80, p < 0.02), indicating an excess of low-frequency variants that could be due either to a selective sweep or to population size expansion. Tables A1 & A2 (Ophiothrix fragilis pentaphyllum and O. f. echinata, respectively). The observed number of alleles was high and varied from 3 to 10, with an average of 5.6 (± 2.6) alleles. Allelic richness was similar among populations. Heterozygote deficiencies were highly significant in all populations, except in Belgium and Camaret (Tables A1 & A2) . Values ranged from 0.015 for Belgium to 0.397 for Portsall. Significant heterozygote deficiencies were randomly distributed among loci, except for PK, for which a general trend of heterozygote excess was observed. Genotypic disequilibrium was not detected across loci over the whole dataset (p > 0.05), but genotypic disequilibrium was observed for some locus pairs within 9 O. f. pentaphyllum populations (Table A1 ). The involved loci were different from one population to another, but were more often found between PK and PGM or MPI loci. Linkage disequilibria did not always correspond to the loci involved in departures from Hardy-Weinberg equilibrium.
Broad-scale patterns of geographic differentiation
This part of the study was restricted to the dense subtidal populations of Ophiothrix fragilis pentaphyllum -the most abundant variety.
Mitochondrial COI sequences
The mitochondrial structure of Ophiothrix fragilis pentaphyllum was characterized by a high number of 'private' haplotypes and no clear geographic pattern. Pairwise φ st estimates were on average very low (i.e. 0.01), with only 15% of the pairwise φ st estimates being significant after a Bonferroni correction. All significant φ st values were found with pairwise combinations that included samples from Camaret, Paluel, or Belgium, without any clear geographic signature. The less differentiated populations did not group with each other in the NJ tree of populations, and no isolation-by-distance relationship was detected in the dataset (Mantel test, p = 0.22).
Allozymes
Nearly all pairwise multilocus θ values between Ophiothrix fragilis pentaphyllum populations were significantly different (0.007 < θ < 0.166; 96% with p < 0.01). In the UPGMA tree representing pairwise θ estimates between populations (Fig. 4) 
Local-scale patterns of genetic differentiation: population demography and cohort differentiation
Demographic analyses
Modal decomposition of size-frequency histograms was carried out for the 3 well-surveyed localities in the English Channel (from west to east: Roscoff, Paluel and Wimereux). The evolution of modal components throughout the year revealed important differences in the demographic dynamics of the 3 populations. Temporal variation of mean length and cohort composition are summarized in Table 4 . At Roscoff, samples were dominated by 2 types of individuals in both years: middle-sized individuals, with a modal length of ca. 5 mm, and large-sized individuals, with a modal length of 9 mm corresponding to 1-yr-old adults and 2-yr-old (and older) adults, respectively (Davoult et al. 1990 ). Additional peaks were only observed between May and July, and represented sporadic arrivals of new recruits in the population (about 10% of the population). At Paluel, > 80% of the population was made of a unique group of adults (modal length of 10 mm) from January to May. Recruitment events occurred several times a year in pulses of low numbers of settlers. In this case, recruits contributed to < 5% of the whole sample size. At Wimereux, recruitment events were massive and numerous (3 to 4 events yr -1 ), with large numbers of recruits throughout the year. Three recruitment events were observed in 2004, with a maximum in September (40% of the population), and 4 recruitment events were observed in 2005, with a maximum in June (80% of the population). Because the adult mode was not always dominant, it seemed that the population turnover was more rapid at Wimereux than at Roscoff or Paluel.
Mitochondrial COI sequences
As several cohorts settled each year at Roscoff and Wimereux, genetic differentiation analysis was performed on samples from successive cohorts. An AMOVA analysis was therefore carried out to test whether the timing of settlement contributes to genetic differentiation within populations (Table 2) . A nonnegligible part of the total mitochondrial variance was associated with cohorts, with fixation indices significantly differing from zero between cohorts of each population (φ sc = 0.047, p < 0.001). Pairwise φ st estimates obtained between cohorts (i.e. (Table 5 ). At Roscoff, 1 significant φ st value was found between larvae from 2005 and juveniles from 2004, whereas, at Wimereux, 4 out of 6 φ st values remained significant after Bonferroni correction. This strengthened our previous AMOVA results suggesting differences between cohorts. Haplotype NJ trees obtained from the Wimereux and Roscoff samples highlighted this finding and showed that samples from successive cohorts were more similar at Roscoff than at Wimereux (see Fig. 4 . Ophiothrix fragilis pentaphyllum. UPGMA tree showing the genetic relationship between populations using allozyme data (genetic distances were represented as a function θ/(1 -θ), following the recommendations of Rousset & Raymond 1997 ). Abbreviations, see Table 1 
DISCUSSION
Taxonomic status of varieties and geographic boundaries of sibling lineages
Polymorphism and polychromatism have been observed in Ophiothrix fragilis at local scales (Koehler 1921 , Allain 1974 . Because of contrasting differences between individuals, the colour/shape polymorphism was used as the unique criterion defining 4 putative varieties typifying O. fragilis (Koehler 1921) . Polymorphism may arise due to phenotypic plasticity in response to a heterogeneous environment (Baric & Sturmbauer 1999 , Pigliucci 2005 . For example, considering arm length, autotomy is a typical self-defence mechanism for avoiding predation and thus may lead to plasticity in this particular character. Self-amputation may also function as a response to local environmental pressures, as it reduces individual volume in stressful conditions (Emson & Wilkie 1980) . The warm versus dark colour of individuals has also been reported to be greatly dependent on local conditions and associated with substratum and depth in particular (Allain 1974) . One of the main objectives of the present study was to determine if varieties represent biological species (meaning genetically independent units) and thus whether O. fragilis sensu lato represents a species complex. If so, assortative mating would be expected and detected with our set of markers, as it has already been shown in polychromatic morphs within other marine invertebrates such as the colonial ascidian Pseudodistoma crucigaster (Tarjuelo et al. 2004) or the echinoderm Echinometra mathaei (Matsuoka & Hatanaka 1991) .
COI sequences revealed moderate to low genetic differences between 3 of the 4 morphological varieties described by Koehler (1921) , namely Ophiothrix fragilis echinata, O. f. pentaphyllum and O. f. abildgaardi, but a very high level of genetic divergence between the southern (Iberian coast and Mediterranean sea) and northern (Irish Sea and English Channel) populations of the O. f. echinata variety. The level of mitochondrial divergence between these 2 allopatric lineages of 18.6% indicates the existence of cryptic species. The taxonomic status of the species O. fragilis has already been questioned by Baric & Sturmbauer (1999) mainly in the Mediterranean Sea. By sequencing 9 individuals of O. fragilis both from the Adriatic and Irish Seas and 5 individuals of O. quinquemaculata from the Adriatic Sea only, they found 2 distinct, but cryptic, lineages within each of the 2 Ophiothrix species. According to these authors, the mitochondrial 16S divergence between Lineages I and II was sufficiently high (9 to 12%) to represent biological species, within which the morphological species O. fragilis and O. quinquemaculata should be referred to as ecotypes. Since the Isle of Man sample we collected was taken just a few kilometres from the sampling by Baric & Sturmbauer (1999) , our northern Atlantic/Channel populations correspond to Lineage I (while nothing could be said regarding Lineage II). This cryptic divergence within species reinforces the vicariance hypothesis proposed by Jolly et al. (2006) for coastal species of the NE Atlantic. However, unlike the coastal polychaetes Pectinaria spp. and Owenia spp. (Jolly et al. 2006) , the distributions of the cryptic lineages of O. fragilis do not seem to overlap at the entrance of the English Channel, rather they are separated along the coasts of Galicia, in a way similar to what was observed for the crab Carcinus maenas (Roman & Palumbi 2004) and the mysid Mesopodopsis slabberi (Remerie et al. 2006) .
The northern clade of Ophiothrix fragilis seems to represent a unique entity around the British Isles and up to Norway. Based on mitochondrial haplotypes, the varieties O. f. pentaphyllum, O. f. echinata and O. f. albigardii show high genetic homogeneity with intralineage distances <1% and high levels of genetic diversity throughout all populations and all regions. The analysis of COI haplotypes indicated no divergent groups between the 3 varieties. Possible explanations for the absence of distinct haplotype groups in the O. fragilis complex are: (1) a selective sweep of an advantageous haplotype across variety boundaries, as shown in Drosophila spp. (Hilton et al. 1994 ) (but in that case we could assume to find a low haplotype diversity in all populations); (2) extreme asymmetric introgression of mitochondrial DNA among varieties, as previously reported to a lesser extent in Mytilus spp. by Rawson & Hilbish (1998) ; or (3) the fact that varieties do not represent biological species. Given that allozyme frequencies were nearly identical between varieties, with the exception of 2 loci, for which a slight increase of the alleles Pk100 and Mdh110 in O. f. echinata populations was noted, the most parsimonious explanation is, however, to consider that O. fragilis represents a single, but plastic, species. The intervarietal distance using mtCOI was <1%, and the overall allozyme differentiation was very low (0.023), far less than differences previously observed between cryptic species of other echinoderms -19.6% and θ = 0.26, respectively, within the Acrocnida brachiata species complex, , and θ = 0.24 within the Echinocardium cordatum species complex (Féral et al. 1995) and even less than differences encountered within a well-diagnosed species (θ = 0.088; Uthicke et al. 1998 ).
Since neither genetic marker showed any diagnostic differences between varieties, varieties may crossbreed enough to prevent the formation of reproductively isolated demes. However, genomes remain porous even for long periods after speciation has been completed, allowing multiple opportunities for widespread introgression (Chan & Levin 2005 , Mallet 2005 ). Since diagnostic genes have not yet been detected, it is not possible to rule out the hypothesis of hybridizing taxa under the assumption that a complete mitochondrial introgression occurred from one lineage to another. Reproductive compatibility trials between varieties would also help to draw conclusions about the level of isolation between varieties and possible hybridization.
If the northern clade of Ophiothrix fragilis represents a single species, the slight but significant relationship between allele frequencies and varieties may indicate that diversifying selection is acting on at least 2 loci (i.e. PK and MDH). This could fit perfectly with the previous findings of Baric & Sturmbauer (1999) suggesting that O. quinquemaculata and O. fragilis represent ecotypes (with differences within both lineages in the Mediterranean Sea explained by adaptation to various water depths). Diversifying selection may indeed be the direct consequence of the subtidal versus intertidal segregation of varieties (even if not total; Allain 1974) . A great number of factors, including desiccation stress, temperature extremes, current strength, food composition and availability, competition among conspecifics and interspecific interactions may vary between habitats. These differing conditions influence the selective regime and thus may lead to the slight allele frequency differences observed between the 2 varieties O. f. echinata and O. f. pentaphyllum at the PK and MDH loci. Many additional studies focusing on this specific question are necessary to provide information on the status of varieties, the level of isolation between them and the role of environmental factors in their spatial segregation. Our results are first evidence for a genetic basis of the different varieties. Testing the sensitivity of each variety to environmental stress using ecophysiological experiments (as in Gardner & Thompson 2001 , Edmands & Deimler 2004 ) could be one step towards determining whether varieties represent true ecotypes.
Large-scale chaotic genetic patchiness: diversifying selection or isolation-by-time?
Because of the low genetic differentiation between varieties, the spatial organisation of the genetic variance of Ophiothrix fragilis was only studied in the clearly identifiable variety O. f. pentaphyllum. The analysis of mitochondrial sequences revealed a very high level of haplotype diversity (nearly all individuals displayed distinct haplotypes), which can be attributed to a large effective population size that has not fluctuated very much over time (intricate network with several equally frequent haplotypes; data not shown). A large effective population size is congruent with the densities of up to 7500 ind. m -2 (Davoult & Migné 2001 ) and fecundities of 190 000 oocytes ovary -1 (Lefebvre 1999) recorded in this species. The lack of differentiation detected on a large spatial scale for the mtCOI gene is also in agreement with the assumption that large population sizes are not very sensitive to drift, which fits with our initial hypotheses on the considerable dispersal capabilities of O. fragilis larvae. The lack of nucleotide differentiation may also reflect the effect of high 'within-sample' diversity on 'betweensample' comparisons as noted by Charlesworth (1998) and Hedrick (1999) , in comparison to the important and significant values of pairwise genetic differentiation found with allozymes.
The allozyme data, however, suggest that the distribution of Ophiothrix fragilis may not follow a n-islands model of populations at the scale studied, despite its relatively long-lived larval phase. This greatly contrasts with mtDNA data. The lack of genetic structure with mtDNA data could have several origins: (1) a high within-population structure, (2) a recent selective sweep (but in that case we could expect to find low haplotype diversity in all populations), or (3) a recent colonisation of the NE Atlantic. In contrast, allozyme differentiation could reflect: (1) geographic patterning, (2) diversifying selection in a heterogeneous environment, and/or (3) a patchwork of genetically differentiated populations (ongoing cryptic species) that does not crossbreed easily (due to some pre-zygotic barrier, e.g. a shift in spawning dates). Addison & Hart (2004 , for Strongylocentrotus droebachiensis, and Peijnenburg et al. (2006), for Sagitta setosa, also reported important disparities in gene diversities and genetic differentiation between mtDNA and microsatellites, and partly attributed their results to a cumulative signature of local processes of hybridization and the recent colonisation history of the area studied.
Despite high and significant values of fixation indices, either within or between populations, no geographic structure was identified either from allozymes (nearly all populations were differentiated) or from the haplotype distribution (nearly all populations were similar). In the former case, genetic differentiation appears to be chaotic, leading to important variations between localities without any spatial orientation. Indeed, most of the genetic variance is associated with the intrapopulation level. This genetic heterogeneity within populations can be due to a strong habitat effect (diversifying selection), the coexistence of genetically divergent groups (varieties) at a local scale or associated with the mixing of settlers from different geographic origins that would not be able to crossbreed (e.g. differing maturation periods due to a shift in recruitment), possibly leading to a Wahlund effect. A slight shift in the reproduction period of varieties, especially between the intertidal and subtidal zones, may be one explanation for heterozygote deficiencies if one considers that varieties are able to co-occur in both habitats but not to reproduce efficiently. A shift in spawning periods has already been described for other brittle stars living in both the subtidal and the intertidal (Bourgoin et al. 1991) . Together with varietal selection, which would lead to a 'predictable' spatial structure, the main hypothesis, which can be invoked to explain chaotic genetic patchiness at such a scale, is the 'cohort effect' (Johnson & Black 1984 , David et al. 1997 . In this case, the high level of genetic structure within populations may be explained by genetic differences between successive cohorts. In the present study, demographic surveys showed the occurrence of discrete recruitment events throughout a year, with a shift in these demographic events across the different localities in the Channel. This type of shift is congruent with the spatio-temporal variability in gonad growth reported by Lefebvre (1999) , which suggests possible cohort admixture. A study of local hydrodynamics and larval dispersal of Ophiothrix fragilis in the English Channel (Lefebvre et al. 2003) showed that population replenishment could be mostly ensured by self-recruitment at some localities (e.g. Roscoff), but that currents also promote a large input of larvae of different origins (e.g. Wimereux). In the case of cohort admixture, 2 alternative hypotheses about settlers can be proposed: (1) brittle stars are not all mature at the same time and thus recruitment only reflects reproductive asynchrony, or (2) reproduction is highly synchronized locally, but highly dependent on the environment of populations, and thus the subsequent recruitments mostly reflect differences in the origin of the settlers (i.e. the case of allo-recruitment depending on the strength and direction of currents). The AMOVA analysis performed between 'cohorts' showed that recruitment heterogeneity accounts for a significant part of mitochondrial genetic variance within a population. These genetic differences between recruits appeared to be less pronounced at Roscoff than at Wimereux. This agrees with our population dynamics survey, which demonstrates great differences between the 2 localities, both in the number of recruitments per year and their intensity in respective populations. The rapid settler turnover at Wimereux is therefore more likely to generate an admixture of genetically differentiated cohorts. Because of important time lags between 2 successive recruitment events, mature adults originating from settlers from different origins may differ in their spawning periods over the year according to their settlement dates. This would prevent any further genetic re-homogenisation of the population through backcrosses in a way already proposed by Hendry & Day (2005) and also shown for the European eel (Maes et al. 2006) . In contrast, population turnover seems slower at Roscoff, and adults result from a single major recruitment event and are more likely to reproduce with each other during the following year. Spatial variation in population dynamics is therefore likely to affect the genetic signature of populations, either by attenuating or enhancing the 'cohort' effect locally. This has been invoked to explain chaotic genetic differentiation at a local spatial scale in the bivalve Spisula spp. (David et al. 1997) , as well as patterns of temporal genetic heterogeneities for a variety of benthic marine invertebrates, first, on small spatial scales (Johnson & Black 1982 , Johnson & Black 1984 and, later, on a larger geographical scale (Kordos & Burton 1993 , Moberg & Burton 2000 , Addison & Hart 2004 .
The present study highlights several non-exclusive hypotheses (diversifying selection on varieties, admixtures of cryptic possibly hybridizing species, or genetically different cohorts) to explain present-day patterns of differentiation in Ophiothrix fragilis along NE Atlantic coastlines. The co-occurrence of slightly dif-ferentiated ecotypic varieties or admixtures of temporally differentiated cohorts during the recruitment periods can be responsible for the lack of geographic structure and the observed heterozygote deficiencies. This could explain the apparent chaotic structure within O. fragilis populations. Our study provides additional information for better understanding how expected population homogenisation via long-distance larval dispersal may be masked by local processes influencing reproductive dynamics. The present study therefore reinforces previous hypotheses on the role played by recruitment heterogeneity in shaping the genetic signature of populations (David et al. 1997) . More detailed studies on the genetic structure associated with size-stratified populations should be performed, in parallel to new approaches for identifying the origin of recruits (e.g. stable isotopes, as for fish species; Charles et al. 2004 , Cook et al. 2007 ). 
